Abstract: This study proposes a novel, axial-flux, single-phase switched reluctance motor for micro machines with wireless-driven capability. The rotor and stator each have two poles, and the stator utilizes two permanent magnets to provide the required parking position and rotational torque. By reducing the number of magnetic poles and coils in the stator, and by utilizing a cylindrical design for its stator components, the micro motor is able to be easily manufactured and assembled. Safety and convenience are also achieved through the use of a wireless drive, which negates the need for power connections or batteries. This study utilizes the topology method in rotor design to reduce excessive torque ripple. For this study, an actual micro, axial-flux, single-phase switched reluctance motor with a diameter of 5.5 mm and length of 4.4 mm was built in combination with a wireless charging module and motor circuitry found on the market. With an induced current of 0.7 A, the motor achieved a maximum of 900 rpm, indicating possible applications with respect to toys, micro-pumps, dosing pumps, and vessels for gases, liquids, or vacuum that do not require feedthrough.
Introduction
In 1984, Compter [1] developed the first single-phase switched reluctance motor with a two-pole rotor, two-pole stator, and two permanent magnets in the stator to solve the starting problem. Motor operation was improved by utilizing one positional sensor for control. In 1987, Chan [2] presented two single-phase switched reluctance motor designs, one for an axial-flux-type motor and the other for a radial-flux-type motor, with six poles in the rotors and stators. Horst [3, 4] patented two single-phase switched reluctance motors with different rotor designs utilizing salient teeth and shifted poles. Both motors utilized two poles in the rotor and stator and one permanent magnet to provide a suitable starting position. In 1993, Torok and Loreth [5] fabricated a single-phase switched reluctance motor with four poles in the rotor and stator, two permanent magnets, and only two coils. In 1988, Lim et al. [6] proposed a single-phase switched reluctance motor with six poles in the rotor and stator with both axial and radial air gaps to increase torque output. In 2000, Stephenson and Jenkinson [7] produced a different design for a single-phase switched reluctance motor with four poles in the rotor and stator for high-speed fan applications. In 2001, Stanley [8] presented a single-phase switched reluctance motor with four poles in the rotor and stator without permanent magnets. The stator contained four sets of auxiliary coils to provide starting capability in both directions.
In 2003, Higuchi et al. [9] proposed a single-phase switched reluctance motor with a tooth-slotted rotor design that used the magnetic saturation effect to produce starting torque in any position instead of using permanent magnets. In 2010, Jakobsen and Lu [10] presented a single-phase switched reluctance motor with four poles in the stator and rotor with a new stator pole design and an arrangement of permanent magnets to improve the starting torque. In 2011, Lu et al. [11] proposed an improved design, especially with regards to the
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Single-Phase Switched Reluctance Motor Design
This motor was designed with a two-pole stator and two-pole rotor; two permanent magnets were placed on the stator. The diameter of the stator was 5.5 mm, its length was 4.4 mm, and the stator magnetic poles and permanent magnet utilized a cylindrical structure that facilitates the assembly of micro motors. As the magnetic rods utilized in the prototype design of this study are difficult to purchase, each stator pole was assembled using three magnetic rods made of nickel wire with a diameter of 0.75 mm. The permanent magnets were FLN8 AlNiCo magnets (Mingyen Electronics Industry Co., Ltd., Taichung, Taiwan). with axial magnetization. The rotor structure and pole plate utilized a 35CS300 silicon steel plate with a thickness of 0.35 mm. The design specifications of the single-phase switched reluctance motor are shown in Table 1 ; the exploded view and assembly drawings of the single-phase switched reluctance motor are shown in Figure 1 . 
Rotor Design of the Single-Phase Switched Reluctance Motor
The design of the single-phase switched reluctance motor was critical because improper design often produces zero or negative torque and excessive torque ripple, limiting performance and applications. This study first determined the stator structure including magnetic rods, coils, and permanent magnets, and then considered rotor structure. The design of this motor was determined using JMAG finite element analysis software developed by JSOL Corporation, Tokyo, Japan. Figure 2 shows the definitions of the coordinate and rotating angle of the motor so that the axis of the permanent magnets was at 0°. This study utilized the topology optimization method for a new rotor design to increase the average torque and reduce torque ripple. The topology method is generally applied in prototype design to optimize the material layout within a given design space and for a given set of constraints, with the goal of maximizing its output performance. The design processes are separated into four steps.
Step 1 is the pole thickness and root diameter design, step 2 is the first and third quadrant design, step 3 is the second and fourth quadrant design, and step 4 is the detailed design of the magnetic pole. As the rotor and stator of this motor both possess two poles, there is rotational symmetry, which makes the first and third quadrants and the second and fourth quadrants identical. This study focuses on the rotor structure design, using the JMAG software to analyze the torque output at every degree and calculate the average torque and relative torque ripple. The addition and subtraction of rotor structure were then made to optimize the design.
Relative torque ripple was defined as 
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Relative torque ripple was defined as This study utilized the topology optimization method for a new rotor design to increase the average torque and reduce torque ripple. The topology method is generally applied in prototype design to optimize the material layout within a given design space and for a given set of constraints, with the goal of maximizing its output performance. The design processes are separated into four steps.
Relative torque ripple was defined as The objective function is the maximum average torque and minimum relative torque ripple, and the set constraints are that the average torque must be greater than 14 µN·m and the relative torque ripple must be lower than 70%. These two values were selected after multiple analyses were performed. Even with a variety of different designs, the maximum average torque was 15.47 µN·m and the minimum relative torque ripple was 63.33%. The objective function was set as
where T is the average torque and T C is the constraint of the average torque at 14 µN·m. T ripple is the relative torque ripple and T rippleC is the constraint of the relative torque ripple at 70%. The minimum value of the objective function was selected as the geometric shape for rotor optimization.
Step 1: Design of Rotor Magnetic Pole Width and Root Diameter
The first step of this study was to change the rotor magnetic pole width from 1.85 mm to 0.6 mm in decrements of 0.05 mm to achieve the optimal magnetic pole width of 1.6 mm. Next, the root diameter changed from 2.5 mm to 1.75 mm in decrements of 0.05 mm for an optimal root diameter of 2.0 mm. The design process is shown in Figure 3 . In step 1-1, the rotor magnetic pole width was 1.85 mm and the root diameter was 2.5 mm; step 1-2 shows a rotor magnetic pole width of 1.6 mm and a root diameter of 2.5 mm, achieving the optimal magnetic pole width; step 1-3 shows a rotor magnetic pole width of 1.6 mm and a root diameter of 1.75 mm resulting in the worst average torque of 13.17 µN·m; step 1-4 shows that the rotor magnetic pole width was 1.6 mm and the root diameter was 2.0 mm for the best performance of step 1, with an average torque of 14.78 µN·m and relative torque ripple of 102.5%. The torque-angle curve of each process is shown in Figure 4 , and a comparison of the torque characteristics is shown in Table 2 .
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Step 1: Design of Rotor Magnetic Pole Width and Root Diameter
The first step of this study was to change the rotor magnetic pole width from 1.85 mm to 0.6 mm in decrements of 0.05 mm to achieve the optimal magnetic pole width of 1.6 mm. Next, the root diameter changed from 2.5 mm to 1.75 mm in decrements of 0.05 mm for an optimal root diameter of 2.0 mm. The design process is shown in Figure 3 . In step 1-1, the rotor magnetic pole width was 1.85 mm and the root diameter was 2.5 mm; step 1-2 shows a rotor magnetic pole width of 1.6 mm and a root diameter of 2.5 mm, achieving the optimal magnetic pole width; step 1-3 shows a rotor magnetic pole width of 1.6 mm and a root diameter of 1.75 mm resulting in the worst average torque of 13.17 μN·m; step 1-4 shows that the rotor magnetic pole width was 1.6 mm and the root diameter was 2.0 mm for the best performance of step 1, with an average torque of 14.78 μN·m and relative torque ripple of 102.5%. The torque-angle curve of each process is shown in Figure 4 , and a comparison of the torque characteristics is shown in Table 2 . Step 1: Torque-angle curve for each step. Step 2 was the axial symmetrical topology design of the rotor magnetic poles for quadrants 1 and 3. The mesh dimensions were 0.25 mm × 0.25 mm. We began by establishing five-layer meshes by adding two layers of meshes to the original magnetic pole width; the outer layer was defined as layer 1 and layer 5 was the closest to the X-axis. The design process was shown in Figure 5 . In step 2-1, the first design decreased the average torque and relative torque ripple but still generated a dead zone between the angles of 160 • and 180 • ; step 2-2 removed the meshes of the first and second layers to solve the dead zone issue; step 2-3 removed the meshes from the third layer for an evident decrease in relative torque ripple; step 2-4 removed more meshes from the first four layers to achieve the best performance in step 2,with an average torque of 13.38 µN·m and a relative torque ripple of 83.75%. The torque-angle curve of each process is shown in Figure 6 , and a comparison of the torque characteristics is shown in Table 3 . It should be noted that removing the meshes from the fifth layer did not improve output performance. Step 2 was the axial symmetrical topology design of the rotor magnetic poles for quadrants 1 and 3. The mesh dimensions were 0.25 mm × 0.25 mm. We began by establishing five-layer meshes by adding two layers of meshes to the original magnetic pole width; the outer layer was defined as layer 1 and layer 5 was the closest to the X-axis. The design process was shown in Figure 5 . In step 2-1, the first design decreased the average torque and relative torque ripple but still generated a dead zone between the angles of 160°and 180°; step 2-2 removed the meshes of the first and second layers to solve the dead zone issue; step 2-3 removed the meshes from the third layer for an evident decrease in relative torque ripple; step 2-4 removed more meshes from the first four layers to achieve the best performance in step 2,with an average torque of 13.38 μN·m and a relative torque ripple of 83.75%. The torque-angle curve of each process is shown in Figure 6 , and a comparison of the torque characteristics is shown in Table 3 . It should be noted that removing the meshes from the fifth layer did not improve output performance. Step 2: Design process of the rotor magnetic pole of quadrants 1 and 3.
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Energies 2018, 11, 2772 Step 3 was the axial symmetrical topology design of the rotor magnetic poles for quadrants 2 and 4. The mesh dimensions were 0.25 mm × 0.25 mm. We began by establishing three-layer meshes; the outer layer was defined as layer 1 and layer 3 was closest to the X-axis. The design process is shown in Figure 7 . In step 3-1, the design increased the average torque and decreased the relative torque ripple; step 3-2 removed the meshes from the first and second layers for an evident decrease in the average torque and relative torque ripple; step 3-3 removed more meshes from the first and second layers without any improvement; step 3-4 removed one mesh from the third layer of the step 3-2 design without any improvement; step 3-2 was chosen as the best design for step 3, with an average torque of 13.10 µN·m and a relative torque ripple of 79.09%. The torque-angle curve of each process is shown in Figure 8 , and a comparison of the torque characteristics is shown in Table 4 . It should be noted that the design of the rotor magnetic poles in quadrants 2 and 4 had a limited effect in terms of improving output performance.
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Energies 2018, 11, 2772 Step 4 was the detailed design of the rotor magnetic pole by shrinking the mesh dimensions to 0.125 mm × 0.125 mm. Since the degree to which adjustments to the rotor magnetic poles in quadrants 2 and 4 improved the performance was limited, this step only presents the analysis results for the rotor magnetic poles in quadrants 1 and 3. We began by establishing nine-layer meshes; the outer layer was defined as layer 1 and layer 9 was the closest to the X-axis. The design process is shown in Figure 9 . In step 4-1, the design added meshes to the first and second layer without any improvement; step 4-2 removed meshes from the first layer for an evident increase in average torque and relative torque ripple; step 4-3 removed meshes from the third, fourth, and fifth layers without any improvement; step 4-4 used a diagonal design for the salient pole for an evident increase in average torque and relative torque ripple; step 4-4 was selected as the best design for step 4, with an average torque of 13.75 µN·m and a relative torque ripple of 82.85%.The torque-angle curve of each process is shown in Figure 10 , and a comparison of the torque characteristics is shown in Table 5 . Step 4 was the detailed design of the rotor magnetic pole by shrinking the mesh dimensions to 0.125 mm × 0.125 mm. Since the degree to which adjustments to the rotor magnetic poles in quadrants 2 and 4 improved the performance was limited, this step only presents the analysis results for the rotor magnetic poles in quadrants 1 and 3. We began by establishing nine-layer meshes; the outer layer was defined as layer 1 and layer 9 was the closest to the X-axis. The design process is shown in Figure 9 . In step 4-1, the design added meshes to the first and second layer without any improvement; step 4-2 removed meshes from the first layer for an evident increase in average torque and relative torque ripple; step 4-3 removed meshes from the third, fourth, and fifth layers without any improvement; step 4-4 used a diagonal design for the salient pole for an evident increase in average torque and relative torque ripple; step 4-4 was selected as the best design for step 4, with an average torque of 13.75 μN·m and a relative torque ripple of 82.85%.The torque-angle curve of each process is shown in Figure 10 , and a comparison of the torque characteristics is shown in Table 5 . Step 4: Detailed design process of the rotor magnetic pole. Step 4 was the detailed design of the rotor magnetic pole by shrinking the mesh dimensions to 0.125 mm × 0.125 mm. Since the degree to which adjustments to the rotor magnetic poles in quadrants 2 and 4 improved the performance was limited, this step only presents the analysis results for the rotor magnetic poles in quadrants 1 and 3. We began by establishing nine-layer meshes; the outer layer was defined as layer 1 and layer 9 was the closest to the X-axis. The design process is shown in Figure 9 . In step 4-1, the design added meshes to the first and second layer without any improvement; step 4-2 removed meshes from the first layer for an evident increase in average torque and relative torque ripple; step 4-3 removed meshes from the third, fourth, and fifth layers without any improvement; step 4-4 used a diagonal design for the salient pole for an evident increase in average torque and relative torque ripple; step 4-4 was selected as the best design for step 4, with an average torque of 13.75 μN·m and a relative torque ripple of 82.85%.The torque-angle curve of each process is shown in Figure 10 , and a comparison of the torque characteristics is shown in Table 5 . Step 4: Torque-angle curve for each step. The electromagnetic analysis results for the single-phase switched reluctance motor design using the topology method are presented in top view and 3D view diagrams in Figures 11-14 . The motor was driven by an input current of 1 A at angles between 0 • and 90 • , and by a permanent magnet at angles between 90 • and 180 • . The magnetic flux density distribution for when the coils began to excite at an angle of 0 • is shown in Figure 11 . The maximum flux density of 1.86 T occurred in the rotor, while a density of 0.91 T occurred in the air gap. The magnetic flux density distribution when the motor produced the maximum torque at an angle of 74 • is shown in Figure 12 . The maximum flux density of 1.94 T occurred in the rotor, while a density of 0.63 T occurred in the air gap. The magnetic flux density distribution when the current was switched off at an angle of 91 • is shown in Figure 13 . The maximum flux density of 0.99 T occurred in the pole plate, while a density of 0.29 T occurred in the air gap. The magnetic flux density distribution when the permanent magnet produced the maximum torque at an angle of 135 • is shown in Figure 14 . The maximum flux density of 1.05 T occurred in the pole plate, while a density of 0.27 T occurred in the air gap. The electromagnetic analysis results for the single-phase switched reluctance motor design using the topology method are presented in top view and 3D view diagrams in Figures 11-14 . The motor was driven by an input current of 1 A at angles between 0° and 90°, and by a permanent magnet at angles between 90° and 180°. The magnetic flux density distribution for when the coils began to excite at an angle of 0° is shown in Figure 11 . The maximum flux density of 1.86 T occurred in the rotor, while a density of 0.91 T occurred in the air gap. The magnetic flux density distribution when the motor produced the maximum torque at an angle of 74° is shown in Figure 12 . The maximum flux density of 1.94 T occurred in the rotor, while a density of 0.63 T occurred in the air gap. The magnetic flux density distribution when the current was switched off at an angle of 91° is shown in Figure 13 . The maximum flux density of 0.99 T occurred in the pole plate, while a density of 0.29 T occurred in the air gap. The magnetic flux density distribution when the permanent magnet produced the maximum torque at an angle of 135° is shown in Figure 14 . The maximum flux density of 1.05 T occurred in the pole plate, while a density of 0.27 T occurred in the air gap. The electromagnetic analysis results for the single-phase switched reluctance motor design using the topology method are presented in top view and 3D view diagrams in Figures 11-14 . The motor was driven by an input current of 1 A at angles between 0° and 90°, and by a permanent magnet at angles between 90° and 180°. The magnetic flux density distribution for when the coils began to excite at an angle of 0° is shown in Figure 11 . The maximum flux density of 1.86 T occurred in the rotor, while a density of 0.91 T occurred in the air gap. The magnetic flux density distribution when the motor produced the maximum torque at an angle of 74° is shown in Figure 12 . The maximum flux density of 1.94 T occurred in the rotor, while a density of 0.63 T occurred in the air gap. The magnetic flux density distribution when the current was switched off at an angle of 91° is shown in Figure 13 . The maximum flux density of 0.99 T occurred in the pole plate, while a density of 0.29 T occurred in the air gap. The magnetic flux density distribution when the permanent magnet produced the maximum torque at an angle of 135° is shown in Figure 14 . The maximum flux density of 1.05 T occurred in the pole plate, while a density of 0.27 T occurred in the air gap. Since the maximum flux density of the rotor was larger than the 1.63 T from the manufacturer's catalog, there was some concern regarding magnetic saturation, and this was confirmed later in the experiment. It should be noted that there was magnetic leakage at the bottom of the three magnetic rods, with this leakage being especially evident in Figures 13 and 14 , because the distance between the magnetic rods and the permanent magnets was too small. If three small magnetic rods are replaced by one large rod and the distance is increased, the problem will be solved; this was demonstrated in a simulation that is not shown here.
Fabrication and Testing of the Single-Phase Switched Reluctance Motor
Motor Fabrication
The parts of the single-phase switched reluctance motor were fabricated by mechanical machining processes and a prototype was hand-assembled. As shown in Figure 15 , the components of the motor (from left to right) were the rotor, pole plate, permanent magnet, magnetic rod with coil, base, and fixture with fixed shaft. A top view of the motor prototype is shown in Figure 16 . The rotor, pole plate, base, and fixture were made by wire electrical discharge machining. The magnetic rod used Goodfellow Cambridge Ltd. (Huntingdon, UK) NI005159 nickel wires that were cut and grinded before being wrapped around the coils. The permanent FLN8 AlNiCo magnet was produced by Mingyen Electronics Industry Co., Ltd. (Taichung, Taiwan). The assembly of the motor was carried out by first inserting the magnetic rod with coil into the base, placing the pole plate and permanent magnet on the base, and installing the fixture and fixed shaft. A copper wire with a diameter of 0.06 mm was wrapped around the fixed shaft to secure the axial air gap of the motor. The rotor was placed on the shaft to complete the assembly process. Since the maximum flux density of the rotor was larger than the 1.63 T from the manufacturer's catalog, there was some concern regarding magnetic saturation, and this was confirmed later in the experiment. It should be noted that there was magnetic leakage at the bottom of the three magnetic rods, with this leakage being especially evident in Figures 13 and 14 , because the distance between the magnetic rods and the permanent magnets was too small. If three small magnetic rods are replaced by one large rod and the distance is increased, the problem will be solved; this was demonstrated in a simulation that is not shown here.
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Fabrication and Testing of the Single-Phase Switched Reluctance Motor
Motor Fabrication
The parts of the single-phase switched reluctance motor were fabricated by mechanical machining processes and a prototype was hand-assembled. As shown in Figure 15 , the components of the motor (from left to right) were the rotor, pole plate, permanent magnet, magnetic rod with coil, base, and fixture with fixed shaft. A top view of the motor prototype is shown in Figure 16 . The rotor, pole plate, base, and fixture were made by wire electrical discharge machining. The magnetic rod used Goodfellow Cambridge Ltd. (Huntingdon, UK) NI005159 nickel wires that were cut and grinded before being wrapped around the coils. The permanent FLN8 AlNiCo magnet was produced by Mingyen Electronics Industry Co., Ltd. (Taichung, Taiwan). The assembly of the motor was carried out by first inserting the magnetic rod with coil into the base, placing the pole plate and permanent magnet on the base, and installing the fixture and fixed shaft. A copper wire with a diameter of 0.06 mm was wrapped around the fixed shaft to secure the axial air gap of the motor. The rotor was placed on the shaft to complete the assembly process. 
Torque-Angle Curve Testing
The experimental testing of the torque-angle curve is very important for a single-phase switched reluctance motor because the output torque is varied at different angle positions. Torque is measured by hanging different small weights, metal balls and adhesive tapes on the outer diameter of the rotor [18] . Typically, the mass of the metal ball is 18 mg and the adhesive tape 1 mg. The total weight was measured using the Mettler-Toledo AB54 Analytical Balance (Mettler-Toledo AG, Greifensee, Switzerland) with a repeatability of 0.1 mg and a linear accuracy of 0.2 mg. The first test consisted of measuring the passive torque-angle curve at every 3° interval from 0° to 180° without any input current. The motor was designed to operate at a minimum activation current of 0.5 A and a maximum current of 1 A. The torque-angle curves were measured at currents from 0.5 A to 1 A in increments of 0.1 A at every 3° interval from 0° to 90°. Table 6 shows the theoretical and experimental torque characteristics of the single-phase switched reluctance motor, including the minimum torque, maximum torque, average torque, and relative torque ripple, at various current levels. Figure 17 shows the theoretical and experimental torque-angle curves of the single-phase switched reluctance motor. The test results showed that the maximum detent torque was 12 μN·m at a 30° angle. At a minimum activation current of 0.5 A, the minimum torque was 1.54 μN·m, also at a 30° angle. When the current ranges from 0.6 A to 1 A, the minimum torque was always 1.92 μN·m at a 91° angle, meaning that the coil was no longer excited. When the rated current was 1 A, the motor produced an average torque of 10.34 μN·m with a relative torque ripple of 80.66%. It should be noted that the theoretical and experimental torque-angle curves did not match well at larger currents, and thus the motor friction was tested to clarify this issue. 
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The experimental testing of the torque-angle curve is very important for a single-phase switched reluctance motor because the output torque is varied at different angle positions. Torque is measured by hanging different small weights, metal balls and adhesive tapes on the outer diameter of the rotor [18] . Typically, the mass of the metal ball is 18 mg and the adhesive tape 1 mg. The total weight was measured using the Mettler-Toledo AB54 Analytical Balance (Mettler-Toledo AG, Greifensee, Switzerland) with a repeatability of 0.1 mg and a linear accuracy of 0.2 mg. The first test consisted of measuring the passive torque-angle curve at every 3 • interval from 0 • to 180 • without any input current. The motor was designed to operate at a minimum activation current of 0.5 A and a maximum current of 1 A. The torque-angle curves were measured at currents from 0.5 A to 1 A in increments of 0.1 A at every 3 • interval from 0 • to 90 • . Table 6 shows the theoretical and experimental torque characteristics of the single-phase switched reluctance motor, including the minimum torque, maximum torque, average torque, and relative torque ripple, at various current levels. Figure 17 shows the theoretical and experimental torque-angle curves of the single-phase switched reluctance motor. The test results showed that the maximum detent torque was 12 µN·m at a 30 • angle. At a minimum activation current of 0.5 A, the minimum torque was 1.54 µN·m, also at a 30 • angle. When the current ranges from 0.6 A to 1 A, the minimum torque was always 1.92 µN·m at a 91 • angle, meaning that the coil was no longer excited. When the rated current was 1 A, the motor produced an average torque of 10.34 µN·m with a relative torque ripple of 80.66%. It should be noted that the theoretical and experimental torque-angle curves did not match well at larger currents, and thus the motor friction was tested to clarify this issue. 
Friction Testing
As friction greatly affects the performance of a micro motor, this test measures the friction torque by hanging tiny weights on the outer diameter of the rotor. For this test, the permanent magnets were removed and measurements were taken at every 3° interval between 0° and 360° to calculate the average friction torque, which was found to be 1.19 μN·m. In order to find the impact of the friction, it was assumed that the friction was entirely against the output torque. The study added the friction torque to the output torque, and the output characteristics were recalculated. Table 7 shows the calculated values of the maximum torque and average torque of the motor with and without friction correction. Figure 18 shows the theoretical and experimental torque-angle curves of the motor with friction correction. At a rated current of 1 A, the deviations between the theoretical and measured maximum torque and average torque were 26% and 16%, respectively. It should be noted that the deviation increased as the input current increased.
It was found that the deviation between the theoretical and measured torque-angle curves was due to magnetic saturation in the rotor structure. After careful examination of the electromagnetic analysis, it was found that the maximum flux densities of the rotor reached 1.86 T and 1.94 T at a 74° angle with 0.5 A and 1 A currents, respectively. The maximum flux density of the rotor made of silicon steel 35C300 can only handle 1.63 T. It is suggested that the motor be redesigned by increasing the rotor thickness to avoid magnetic saturation in the future. 
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Motor Speed Testing
The speed of this motor was tested by a direct connection to the motor driver with a square wave current input, and the voltage and current signals of the coil were measured at various excitation frequencies. At a rated current of 1 A, the motor achieved a maximum rotation speed of 1500 rpm with an excitation frequency of 50 Hz. The voltage and current signals were 4.4 V and 1 A, as shown in Figure 19 . 
Wireless-Driven Single-Phase Switched Reluctance Motor
The single-phase switched reluctance motor was easier to apply to a wireless-driven circuit than typical three-phase motors. The motor driver was combined with a commercial wireless charging module to produce square wave signals transmitted wirelessly to the single-phase switched reluctance motor. The experiment used the XKT-412 wireless transmission module and XKT335 wireless charging IC produced by Shenzhen Core Ketai Electronics Co., Ltd. (Shenzhen, China). The operating voltage of the wireless charging module was 5 V to 12 V with a frequency of 0 to 2 MHz. It can produce a maximum current of 1 A with a transmission distance of 0 mm to 10 mm. The schematic diagram of the wireless-driven, axial-flux, single-phase switched reluctance motor is shown in Figure  20 , and a photograph of the actual set-up is shown in Figure 21 . 
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Current-Distance Curve Testing
As the output characteristics of the wireless-driven circuit are greatly affected by changes in output load and distance, this study first tested the relationship between the output current and distance. In order to avoid the motor inductance effect, the experiment compared the results with two test loads: 3.4 Ω for the motor and a pure resistance of 3.6 Ω. In the experiment, the power supply was set to a voltage of 5 V and current of 1 A, and the measurements of the wireless-receiving end were taken at a distance of every 1 mm from 0 mm to 6 mm. The currents of the motor and pure resistance loads reached their maximum values of 0.9 A and 0.84 A, respectively, and fell quickly over a 2 mm distance. Figure 22 shows the current-distance curves of the single-phase switched reluctance motor and pure resistance loads. 
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Current-Frequency Curve Testing
The purpose of this experiment was to examine the excitation frequency effect on the output current of the wireless charging module. To avoid the influence of the motor inductance, the experiment was conducted with a pure resistance load of 3.6 Ω at a 2 mm distance. The output currents were set at 0.5 A, 0.6 A, and 0.7 A at 1.25 Hz, and the measurements were taken with an excitation frequency at every 10 Hz between 1.25 Hz and 100 Hz. The test results showed that an increase in frequency led to a gradual decrease of current for increases in frequency up to 70 Hz, after which the current gradually increased with further increases in the frequency. At 90 Hz, the current was at its maximum. Figure 23 shows the current-frequency curves of the wireless charging module.
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Performance Comparison of Wire-and Wireless-Driven Motors
This study compared the performances of wire-and wireless-driven, single-phase switched reluctance motors based on voltage and current signals. The experiment was conducted with the motor operated with a 0.7 A current and a 30 Hz excitation frequency or a 900 rpm rotation speed. The motor had a wired transmission connected to the power source or a wireless transmission that was 2 mm from the power source. The voltage and current signals of the wire-and wireless-driven conditions are shown in the left and right diagrams, respectively, in Figure 24 . The test results showed that the wire-driven, single-phase switched reluctance motor exhibited almost no delay, but the wireless-driven motor exhibited an evident time delay. The differences in the time response of the wire-and wireless-driven motors are summarized in Table 8 . When operating at 0.7 A of current, the wire-driven motor reached a maximum rotation speed of 990 rpm, while the wireless-driven motor only reached 900 rpm. The time delay of the wireless-driven motor resulted in a lower rotation speed. 
This study compared the performances of wire-and wireless-driven, single-phase switched reluctance motors based on voltage and current signals. The experiment was conducted with the motor operated with a 0.7 A current and a 30 Hz excitation frequency or a 900 rpm rotation speed. The motor had a wired transmission connected to the power source or a wireless transmission that was 2 mm from the power source. The voltage and current signals of the wire-and wireless-driven conditions are shown in the left and right diagrams, respectively, in Figure 24 .
Current-Frequency Curve Testing
Performance Comparison of Wire-and Wireless-Driven Motors
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Discussion
Single-phase switched reluctance motors have the advantages of the lowest cost with the minimum number of components and the simplest controller, but show limited performance in terms of output torque and efficiency. This paper proposed a novel axial-flux, micro motor design using the topology method on a rotor structure only. A commercial wireless charge module was used to demonstrate the wireless-driven capability for possible new applications in consumer electronics. There are a few improvements required for its future application.
1.
The limitation of the current density of copper wire is due to heat dissipation in the environment. The current density is higher for smaller diameter wire because of a larger surface to mass ratio for heat dissipation. Although the coils were tested with a maximum current of 1 A for over one hour in the laboratory, it is suggested that the diameter of the coils should be increased. The efficiency of the motor also improved with lower resistance. It is also noted that the coils are not continuously supplied with current since the duty cycle is only 50%. The diameter of the coils should be increased to 0.16 mm for a current of 0.7 A.
2.
The magnetic circuit design of the motor can be improved. The nickel magnetic rods were chosen for use in the laboratory due to their availability. Materials with higher permeability and magnetization levels such as NiFe or FeSiB are recommended. One reason for the selection of AlNiCo magnets was their cheaper price compared to NdFeB magnets. The other reason was that the energy density and size of the permanent magnets are not important because the magnets are on the stator side and the magnetic force of the magnets must be less than the electromagnetic force of the coils. It should be noted that the pole plate for permanent magnets can be included in the base plate. The magnetic path of the permanent magnets and coils can share the same base plate. The motor can be also designed with only one magnet for simplicity. 3.
After performance testing, it was found that the commercial wireless charge module applied in this motor was not suitable for serious applications. An operating distance of at least 5 to 10 mm is required for water tanks and vacuum vessels. Since current research on the motor is focused on electric fans, pumps, and hammer breakers for large power outputs, this study tried to evoke possible new applications with wireless technology. The performance of the wireless-driven motor can be greatly enhanced if the wireless driver circuit is designed taking the motor into consideration.
Conclusions
This paper presented a wireless-driven, axial-flux, single-phase switched reluctance motor that utilizes a two-pole design for both the rotor and stator and two permanent magnets on the stator to provide the starting position and rotational torque when there is no electromagnetic excitation. The study proposed an innovative design with cylindrical stator poles and permanent magnets to facilitate the production and assembly of micro-motors. The topology design utilized in the rotor structure reduced torque ripple. The motor was operated at a minimum activation current of 0.5 A and a maximum current of 1 A and provided an average output torque of 10.34 µN·m or reached a maximum rotation speed of 1500 rpm. Restrictions due to the currently available wireless-driven circuit resulted in a maximum current of 0.7 A and a maximum rotating speed of 900 rpm. The current wireless transmission distance was limited to 2 mm, but if the wireless charging module can be improved, the wireless transmission distance can be increased effectively. As the wireless-driven motor does not require a physical power connection or battery, it is suitable for applications such as toys, micro-pumps, water tanks, and pressure vessels that do not require feedthrough. 
